Small intestine neuroendocrine tumors (SI-NETs) are the most common malignancy of the small bowel. Several clinical trials target PI3K/Akt/mTOR signaling; however, it is unknown whether these or other genes are genetically altered in these tumors. To address the underlying genetics, we analyzed 48 SI-NETs by massively parallel exome sequencing. We detected an average of 0.1 somatic single nucleotide variants (SNVs) per 10 6 nucleotides (range, 0-0.59), mostly transitions (C>T and A>G), which suggests that SI-NETs are stable cancers. 197 protein-altering somatic SNVs affected a preponderance of cancer genes, including FGFR2, MEN1, HOOK3, EZH2, MLF1, CARD11, VHL, NONO, and SMAD1. Integrative analysis of SNVs and somatic copy number variations identified recurrently altered mechanisms of carcinogenesis: chromatin remodeling, DNA damage, apoptosis, RAS signaling, and axon guidance. Candidate therapeutically relevant alterations were found in 35 patients, including SRC, SMAD family genes, AURKA, EGFR, HSP90, and PDGFR. Mutually exclusive amplification of AKT1 or AKT2 was the most common event in the 16 patients with alterations of PI3K/Akt/mTOR signaling. We conclude that sequencingbased analysis may provide provisional grouping of SI-NETs by therapeutic targets or deregulated pathways.
Introduction
Small intestine neuroendocrine neoplasms (SI-NENs) are the most common malignancy of the small bowel, represent the largest group of NENs by organ site, and are studied in clinical treatment trials targeting PI3K/Akt/mTOR signaling. Whether this or other canonical cancer pathways is recurrently mutated, however, is uncertain, because a genome-wide, unbiased sequence analysis of cancer genes has not been performed to date in SI-NENs.
Massively parallel, or "nextgen," DNA sequencing is currently advancing research in other human malignancies by facilitating the collection of comprehensive, genome-wide, unbiased datasets providing a common data framework for comparing results across different tumor types and gene sets. It provides the most comprehensive technology to date to explore the potential of genomics for individualizing cancer treatment within a tumor type. To unlock and explore the potential of the technology for translational research in SI-NEN, we sequenced 48 such tumors.
Results
Genomic DNA libraries were exome enriched and sequenced to an average 110-fold target region of tumor coverage, supporting best practice bioinformatics analyses to detect tumor-associated point mutations, termed somatic single nucleotide variations (SNVs). For details, see Supplemental Methods (supplemental material available online with this article; doi:10.1172/JCI67963DS1). Figure 1A shows the resulting quality control measures by sample (see also Supplemental Table 1 for summary statistics). Figure 1B highlights that the cohort was clinically typical of patients with welldifferentiated SI-NENs, whose survival was measured in years. See Supplemental Table 2 for demographic and medical details for all cases. Figure 1C shows tumor purity as determined by 3 methods (see also Supplemental Table 3 ), which was favorably high for nextgen sequencing. All tumors were well differentiated according to the original pathology report, as confirmed by review of newly prepared frozen sections ( Figure 1D ). We observed 2 or fewer mitoses per 10 high-power fields in 97% of tumors, categorizing these as well-differentiated (G1) neuroendocrine tumors (NETs). Ki-67 immunohistochemistry performed in a representative subset categorized 70% of tumors as G1, and the remaining as intermediate grade (G2). Ki-67 labeling results and sample slides are shown in Figure 1 , E and F. Therefore, the present study was not contaminated by high-grade NENs, and all tumors studied could be classified as G1 or G2 NETs, according to WHO 2010 classification (1) . Statistical assessment and orthogonal validation by Sanger sequencing (confirmation rate, >90%; Supplemental Table 13 ) supported the accuracy of our somatic SNV calls. Variant allele frequency (VAF) results are summarized in Figure 1 , G and H.
Genomic highlights of SI-NETs are detailed in Figure 2 . The mutation pattern was dominated by transitions (C>T and A>G; Figure 2A ). Transversions -including C>A, the hallmark of tobacco-related cancers, and C>G, dominant in viral oncogenesis -were uncommon in SI-NETs, as expected. The mutation sequence context (i.e., the nucleotides preceding and following a SNV) was also discrete ( Figure 2B and Supplemental Table 4 ). The mutation rate of SI-NET genomes was low, at an average of 0.1 somatic SNV/10 6 bp in the exome (range, 0-0.59; Figure 2C ). Thus, the SI-NET mutation rate was similar to lung carcinoids (2), pancreatic NET (PNET) (3), CLL (4, 5) , and AML (6) and was lower than mutation rates of breast (7, 8) , prostate (9), head and neck (10), colorectal (11) , and lung (12) cancers ( Figure 2D ). Higher mutation rates in the primary SI-NETs were associated with an increased likelihood of con- current liver metastases, which was supported by an exploratory analysis that was significant at P < 0.04 (slope of the logistic regression), hinting at a link between somatic SNV and clinical course.
Review of somatic SNVs demonstrated SI-NET genetic diversity among an overall marked preponderance of cancer genes. 197 SNVs were nonsynonymous mutations/disruptions of a proteinencoding gene region, and 14 were mutations of splice sites. Mutations in canonical COSMIC genes were detected in FGF receptor 2 (FGFR2), MEN1, HOOK3, EZH2, MLF1, CARD11, VHL, NONO, FANCD2, and BRAF. Among the remaining genes, many had obvious roles in carcinogenesis, such as BIRC5 and RNF139. See Supplemental Results for a gene-centered discussion and Supplemental Table 5 for an annotated list of mutated genes. Examples of mutation discovery and validation data are depicted in Figure  2E . A hallmark of the by-gene mutation analysis was the wild-type sequence status of genes known to be mutated in other malignancies. Genes reported as being recurrently mutated in other malignancies, including other types of neuroendocrine tumors, were found to be normal in SI-NETs. Table 1 shows that read coverage for these genes was adequate to designate these genes wild-type in our dataset. In order to confirm that Sanger sequencing as executed was capable of detecting the recurrence of mutations in different tumor samples, we resequenced somatic SNVs in metastases from the same patients and found the same mutation in 83% of instances, as detected in the corresponding primary tumors (Supplemental Table 6 ). To also confirm the absence of mutations by a traditional technology, 372 Sanger sequencing reactions were performed on both strands covering unaffected sites in tumor and germline samples, which confirmed wild-type status in 100% of the cases (Supplemental Table 7 ). Assuming that the stochastic variation resulting from random sampling of patients (some with and some without a certain mutation) is the main source of variation, the present study with 48 samples could be estimated to have a power greater than 90% to detect a gene as being mutated if the true mutation rate in SI-NETs were greater than 5%; thus, it is unlikely that the size of the study cohort limited its statistical power to detect whether SNVs in any of the genes listed here are responsible for a large proportion of SI-NETs. To address other possible pitfalls limiting the detection of mutations in common cancer genes, such as a low mutation VAF, additional experiments were performed using a commercial nextgen cancer gene panel test (Illumina) that is designed for optimal sensitivity for a small panel of cancer-relevant genes in a subset of patients. No additional mutation was found among this panel of cancer genes (Supplemental Results and Supplemental Table 8 ), further supporting the relative sensitivity of the original exome sequencing procedure.
Large and small (focal) somatic copy number alterations (SCNAs) were determined from exome read counts (13) . Setting a significance level of P < 0.02 by permutation testing, we found 1,013 SCNAs in 48 SI-NETs, with an average of 12.6 amplifications and 8.7 deletions per tumor (Supplemental Tables 9-12 ). The amplitude of focal amplifications was regularly much higher, with normalized read count ratios corresponding to up to 16-fold amplification. We also found recurrent loss of chromosomes 11 and 18 and gains of chromosomes 4, 5, 19, and 20, as previously shown by array-based methods in SI-NETs (14) (15) (16) (17) (18) (19) , providing external validation. See Supplemental Figure 4 for array-comparative genomic hybridization (aCGH) validation of SCNAs detected by sequencing. Direct comparison of all SCNAs found in the present study with previous results by Kulke et al. (14) is shown as Supplemental Figure 5 . SCNAs in other cancers vary, from less than 5 per tumor in myeloproliferative disorders to greater than 120 in dedifferentiated liposarcoma (20) , placing SI-NETs -with their estimated 21.1 SCNAs per tumor -among the more stable tumor types.
An integrative analysis was performed with a dual approach. First, canonical mechanisms of cancer were found to be recurrently mutated (Figure 3) . Second, an individualized genome analysis for candidate "actionable" alterations was performed (Supplemental Table 14 ). SI-NET genomes have not been systematically searched for candidate therapeutic targets to date. We adopted an "n = 1" knowledge-mining approach, searching each of the 48 SI-NET exomes individually for candidate therapeutic targets. Somatic genome alterations were mapped to cancer-related molecular concepts and prioritized according to mutations and signaling pathways targeted by approved or clinically available experimental therapeutics. Genetic alterations in the PI3K/ Akt/mTOR pathway were noted as a top therapeutic priority in 14 patients (29%). Amplification of RAC-α serine-threonine protein kinase 1 and 2 (AKT1/2) was found in 13 cases. Mammalian target of rapamycin (MTOR) was altered by amplification with or without mutation in 4 patients. A member of the PIK3 family of genes was altered in 5 of the above patients (along with MTOR or AKT1). The convergence of these multiple genomic alterations on the PI3K/Akt/mTOR pathway is consistent with the observation that MTOR inhibitors are active in a number of SI-NET patients Table 1 Read coverage of cancer genes found to be wild-type and unmutated in SI-NETs through whole-exome sequencing as previously seen in colon cancer (25) , and suggest the TGF-β pathway as a tentative indirect therapeutic corollary (26) . The implications for the treatment of SI-NET could therefore be 2-fold. First, patients with unresectable and otherwise therapy-resistant disease and TGF-β alterations might be considered for enrollment into phase I clinical trials investigating the targeting of the TGF-β pathway. Second, it could also be tested whether patients with intact SMAD4 might be more likely to respond to capecitabine or 5FU than patients with SMAD4 deletions. Another common alteration was amplification of the SRC gene. A role for SRC in the carcinogenesis of neuroendocrine tumors has recently been suggested, as activated SRC stimulated MTOR activity in neuroendocrine cells (27) . Furthermore, the combination of a SRC inhibitor and an MTOR inhibitor acted synergistically to inhibit neuroendocrine tumor cell growth in vitro (28) . While the combination of SRC inhibitors (e.g., dasatinib) and MTOR inhibitors has not yet been studied in phase I clinical trials, this combination would seem especially attractive for patients with neuroendocrine carcinomas that show evidence of dysregulation of either pathway.
The exome sequencing technology used in this study did not cover regulatory elements or epigenomic alterations, leaving such potential mechanisms of carcinogenesis unaddressed for SI-NETs. Another limitation was the reliance on a reference genome, which reflects the current best practice in cancer bioinformatics, because alternatives such as de novo assembly of cancer genomes remain (Figure 4) . Furthermore, direct targeting of PI3K or Akt may be promising alternatives in patients in which these genes appear to be the deregulating pathway component.
The most commonly amplified oncogene was SRC (11 of 48 tumors; Figure 3 ). SMAD genes were recurrently mutated or deleted in 22 patients. The most common event was deletion of SMAD2 and SMAD4; 1 patient had a predicted damaging mutation in SMAD1. Additional candidate therapeutic targets were identified in smaller patient subsets. The HSP90 gene was amplified in 5 patients, consistent with our previous observation of HSP90 overexpression in NETs, increased transcript and protein levels in SI-NET cell lines, and sensitivity of SI-NET cells in culture to nanomolar concentrations of 17AAG, an inhibitor of HSP90 (21) . Extending knowledge mining to all somatic SNVs and SCNAs in each SI-NET genome, spanning numerous altered genes in most patients, implicated a wide spectrum of additional candidate therapeutic targets. Some were notable because corresponding drugs are available, such as imatinib for PDGF receptor (PDGFR; 10 patients), herceptin for ERBB2 (2 patients), and erlotinib for EGFR (2 patients). For other repeatedly amplified molecular targets, including SRC (11 patients) and AURKA (9 patients), experimental inhibitory drugs are available.
Discussion
This study of whole-exome sequencing of 48 SI-NETs and their normal tissue counterparts represents the first genome-wide sequencing study for this tumor type. While our results suggest a paucity of somatic mutations, we found several recurrent SCNAs among the 48 tumors. Integrative bioinformatic analysis of our data implicated several cancer-related pathways, including PI3K/ Akt/mTOR signaling, the TGF-β pathway (through alterations in SMAD genes), and the SRC oncogene.
Of the 48 tumors in our dataset, 22 had mutated or deleted SMAD genes. Multiple studies have suggested that the TGF-β pathway might be an important regulator of growth in SI-NET. Gilbert et al. examined formalin-fixed, paraffin-embedded tissue from 104 neuroendocrine cancers with immunohistochemistry, and enhanced expression (3+/2+) of TGF-β was found in all but 1 tumor (21). Moreover, preclinical data from studies in cell lines suggest that the TGF-β pathway might be a therapeutic target in small bowel NENs (22, 23) . The SI-NET cell line KRJ was induced to proliferate by TGF-β1 (24) , increasing c-myc expression, downregulating p21, and cross-activating ERK1/2 in KRJ SI-NET cells, but not in normal small intestinal enterochromaffin cells. Furthermore, SMAD alterations might adversely affect responses to fluorouracil-based therapy,
Figure 3
Integrative analysis of genomic alterations in SI-NET. SNVs and SCNAs are clustered into pathways of carcinogenesis and tumor maintenance. Canonical concepts and signaling models relevant to molecular carcinogenesis were found to be recurrently altered by nonsynonymous, potentially deleterious somatic SNVs and SCNAs. Chromatin remodeling, mitosis/spindle formation, the DNA damage response, and the regulation of apoptosis are concepts controlling basic mechanisms of cell growth and have established roles in cancer. RAS, ERK/MAPK, and Wnt signaling are classic pathways of cancer. Axon guidance genes have recently been recognized as tumor suppressors (30) . PI3K/Akt/ mTOR signaling is a mechanism of tumorigenesis. Blue, nonsynonymous exonic point mutation; yellow, splice donor or splice acceptor site mutation; red, amplification; green, deletion.
Figure 4
Signaling connected with the PI3K/Akt/mTOR pathway and altered in SI-NETs. Cancer therapeutics target multiple proteins in connected signaling cascades. Candidate therapeutically actionable genome alterations were noted in 72% of SI-NET patients. FLT3, fms-like tyrosine kinase receptor 3.
